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  Abstract 
Be-doped Al0.37Ga0.63As nanowires (NWs) were grown in a molecular beam epitaxy system 
on GaAs (111)B substrates.  Visible light emission was observed at room temperature in a 
confocal microscope and by micro-photoluminescence (μPL) measurements. μPL 
polarization measurements at 10 K, and diffusion measurements of NWs in solution, 
indicated emission from single NWs.  Energy dispersive X-ray spectroscopy indicated a 
core-shell structure and Al composition gradient along the NW axis, producing a potential 
minimum for carrier confinement.  The core-shell structure formed during growth as a 
consequence of the different Al and Ga adatom diffusion lengths.  
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Inorganic dots, tubes and wires with nanometer dimensions exhibit electrical and 
optical properties that may be tuned by their size and shape.1-3   Among these structures, 
semiconductor nanowires (NWs) are becoming increasingly important as building blocks in 
diverse applications including bipolar junction transistors and logic gates, single-electron 
memory devices, p-n diodes, double barrier resonant tunneling diodes,4 and biological 
imaging.5  For the most part, these NW applications have been realized only in simple 
material systems such as Si, or binary III-V semiconductors such as GaAs and InP.  Reports 
of NWs containing multiple group-III (e.g., Al, In, Ga) and/or group-V elements (P, As, Sb), 
of interest in bandgap engineered optoelectronic devices, are comparatively few.  Among this 
class of NWs, the AlxGa1-xAs material system is important for anticipated applications in bio-
imaging, displays, solid-state lighting, and single photon sources due to the ability to adjust 
the bandgap wavelength in the visible spectrum.  In this paper, we report growth-related 
aspects, and demonstrate visible light emission, from AlGaAs NWs where a core-shell 
structure forms naturally as a consequence of adatom diffusion. 
Nanowires were grown by the vapor-liquid-solid (VLS) method in which Au seed 
particles were used for site selective growth.  Substrates of GaAs (111)B were first submitted 
to a 20-minute uv-ozone treatment, etched in a 10% buffered HF solution, and rinsed with 
deionized water.  The samples were then transported in ambient air to an e-beam evaporation 
system, where a 1 nm thick film of Au was deposited. The samples with Au were then 
transferred in ambient air to a gas source molecular beam epitaxy (GS-MBE) growth 
chamber.  In the GS-MBE system, group III species (Al and Ga) were supplied as monomers 
from a heated solid elemental source, and the group V species were supplied as dimers (As2) 
from a dual-filament hydride (AsH3) gas cracker operating at 950 ºC.  Before the actual 
growth, the Au-covered substrates were heated to a temperature of 500 °C for 5 minutes 
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under an As2 flux to form Au nanoparticles on the surface.  Simultaneous desorption of 
native oxide was enhanced by the use of an inductively-coupled hydrogen plasma source. 
After oxide removal and Au nanoparticle formation, the temperature was set to 570 °C for 
NW growth.  Growth of NWs occurred by initiating AsH3 flow for a V/III ratio of 2.0, 
waiting 30 seconds, then opening the Al and Ga shutter.  The growth was performed with the 
Al/Ga beam flux ratio set to a two-dimensional film composition of Al0.37Ga0.63As and 
growth rate of 1 μm/hr, as determined by earlier thin film calibration growths.  The wires 
were p-doped with Be concentration of 1018 cm-3.   
After growth, the morphology of the resulting NWs was observed by a JEOL JSM-
7000F scanning electron microscope (SEM) in the secondary electron mode. NWs were 
removed from the substrate for further analysis in transmission electron microscopy (TEM) 
by sonicating in methanol for 1 to 2 minutes.  A small volume (~10 μL) of the methanol 
solution was placed onto a holey carbon TEM support grid.  After methanol evaporation, 
NWs were found to be dispersed onto the grid as observed by a JEOL 2010F high-resolution 
TEM.  Energy dispersive x-ray spectroscopy (EDS) in the TEM, provided compositional 
analysis of the NWs using a probe size less than 1 nm, and measuring the Al Kα1, Ga Kα1, 
As Kα1, and Au Lα1 x-ray transitions.   
NWs in methanol solution were dispersed onto silicon substrates for micro-
photoluminescence (μPL) measurements in a continuous flow helium cryostat at 10 K and at 
room temperature.  PL excitation and collection occurred through a microscope objective 
with numerical aperture of 0.7, providing a spot diameter of about 1 μm.  The excitation was 
provided by a HeNe laser at wavelength of 632 nm and power of 2.5 μW.  PL was resolved 
by a 75 cm grating spectrometer, and detected by a liquid nitrogen cooled Si CCD camera.  
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Polarization dependent μPL was measured at low temperatures (10 K) by rotation of a linear 
polarizer placed before the spectrometer along the emission path of the NW.  The 
polarization dependence of the spectrometer and detector were confirmed to be negligible.  
Hence, the measured polarization dependence was that of the NWs only.   
Finally, NWs were suspended by sonication in phosphate buffered saline solution 
with 30% glycerol by volume, and dropped onto a glass microscope slide for fluorescent 
image measurements using a Leica TCS SP5 confocal microscope with a Planapo 63x/1.3 
NA objective.  Excitation was provided by a 488 nm argon ion laser and detection by a 
Hamamatsu photomultiplier tube.  
Figure 1(a) and (b) show the SEM images of AlGaAs NWs as-grown on GaAs 
(111)B substrates and post-sonicated onto silicon substrates, respectively.  The AlGaAs NWs 
were grown for the same duration, growth conditions, and similar Au preparation method, as 
reported previously for GaAs NWs.6  In the latter case, GaAs NWs exhibited a rod-like 
morphology with an average diameter in the range of 50 to 100 nm and height of 1 to 2 
microns.  In comparison, AlGaAs NWs exhibited a more strongly tapered morphology with 
comparatively large diameters in the range of 80 to 200 nm (100 nm typical) near the NW 
base and about 20 to 50 nm near the NW top, and heights of about 0.5 to 1 micron.  This 
difference between AlGaAs and GaAs NW morphology can be explained by the difference in 
Al and Ga adatom migration lengths.  NW growth occurs by diffusion of adatoms from the 
base to the top of NWs.6  As NW height increases, adatom diffusion to the tops of NWs 
becomes increasingly unlikely and, instead of axial growth, deposition occurs on the NW 
sidewalls.  Due to the shorter adatom migration length of Al compared to Ga,7 sidewall 
deposition is more pronounced and leads to a more tapered morphology, a wider base, and a 
shorter height for AlGaAs as compared to GaAs NWs.   
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TEM and EDS measurements were carried out to determine the overall composition 
and spatial distribution of elements in the NWs.  A number of EDS point measurements were 
made along several NWs, such as that shown in Figure 2.  These EDS measurements indicate 
that the Al composition gradually declines along the NW length (and Ga composition 
correspondingly increases), while the As composition remains constant.  Point EDS 
measurements of a half dozen similar NWs indicated an As composition of 50 atomic percent 
(as expected for AlGaAs).  The Al composition (x) was in the range of 0.26 to 0.39 at the 
centre of the NW bases with an average measurement of 0.36.  The broad size distribution 
and spacing of the Au catalysts used in this work inevitably introduce some variability in 
composition, morphology, and elemental distribution in the NWs.  The NW composition was 
somewhat lower than the nominal composition of x = 0.37 expected from the thin film 
calibration growths.  Similar observations have been reported elsewhere for AlGaAs NWs on 
GaAs substrates.8  This difference in composition between NWs and 2-D films can be 
ascribed to differences between VLS and 2-D film growth mechanisms.  A lower 
composition is expected in NWs where growth is dependent upon the diffusive transport of 
adatoms along the NW sidewalls towards the Au-NW interface.9  
Compared to the base of the NWs, the Al composition at the top of the NWs (just 
below the Au particle) was determined by EDS to be in the range of x = 0.20 to 0.23 for the 
half dozen NWs examined.  As the NW height increases, the Al composition evidently 
declines (and Ga composition correspondingly increases).  This can be attributed to the 
limited Al adatom diffusion length already described in the context of NW morphology.  
Again, as the NW height begins to exceed the adatom migration length, sidewall growth 
begins to dominate as compared to axial growth.  This effect is greatest for adatoms with the 
shortest diffusion length, so that an accumulation of Al would be expected around the outside 
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of the NW.  To confirm this supposition, radial EDS measurements were performed across 
the base regions of numerous NWs (perpendicular to the growth direction).  Figure 3 shows 
the TEM image and radial EDS linescan of one such NW.  Contrast lines, intersecting the 
NW (perpendicular to the growth direction) in the TEM image indicate the presence of 
stacking faults, commonly observed in (111)B oriented NWs.10, 11  These stacking faults will 
not be considered here.  The EDS linescan reveals the anticipated core-shell structure with 
higher Al concentration near the outside of the NW.  Point EDS measurements across a half 
dozen similar NWs revealed an Al composition (x) of about 0.36 to 0.47 at the EDS maxima.  
This represented an increase in Al composition in the NW shell compared to the core in the 
range of Δx = 0.023 to 0.044, or 0.033 on average.  Using the known relationship between 
AlGaAs composition and bandgap energy,12 the core-shell structure corresponds to a 
confinement energy of about 46 meV near the NW base.   
μPL spectra were measured at room temperature (300 K) and at 10 K on NWs 
dispersed onto Si substrates.  The μPL system had insufficient resolution to clearly discern 
whether individual NWs were being probed.  However, Figure 1(b) illustrated that the 
sonication procedure produced NWs with separations greater than 1 μm on average, 
compared to the excitation spot diameter of 1 μm, indicating that only a single NW at a time 
was likely excited.  Strong polarization anisotropy measurements, discussed below, also 
suggested that emission likely originated from single NWs.  Typical spectra at low 
temperature (10 K) and at room temperature (300 K) are shown in Figure 4.  First, the low 
temperature spectra revealed a high energy peak at 1.94 eV.  We start by assuming that this 
peak may be assigned to unresolved free, donor-bound, and/or acceptor-bound exciton 
transitions.  According to the composition dependence of the bandgap and accounting for the 
peak energy shift with temperature for bulk AlGaAs,12 this peak then corresponds to an Al 
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composition of x = 0.30.  This composition is within the range measured by EDS for the base 
of the NWs.  A somewhat higher intensity peak is observed at 1.877 eV with a shoulder at 
1.895 eV, about 45 to 63 meV below the exciton-related peaks.  This energy difference is 
consistent with band-to-acceptor and/or donor-to-acceptor transitions.13  Lower energy peaks 
at 1.858, 1.835, and 1.815 eV (shoulder peak) are probably phonon replicas of the higher 
energy transitions.14  Quantum confinement effects are unlikely to be a significant 
contributing factor to the PL results since the diameter of the NWs (~ 100 nm) is greater than 
the exciton Bohr radius estimated at 18 nm.15  We note that comparable peak assignments 
have been made in both AlGaAs thin films16, 17 and NWs.10   
The highest intensity peak was observed at 1.731 eV at 10 K, or 1.72 eV at room 
temperature.  The room temperature peak, assuming a band-to-band transition, corresponds 
to an average AlxGa1-xAs composition of x = 0.20.  This is within the range of composition 
measured by EDS for the top of our NWs.  The relative intensity of the PL peak at 1.731 eV 
(corresponding to the top of the NWs) compared to 1.940 eV (bottom of the NWs) suggests 
that excitons are diffusing and recombining preferentially in the potential minimum near the 
top of our NWs.  One-dimensional exciton diffusion in excess of several microns has been 
observed in GaAs quantum wires.18  In our case, exciton diffusion is likely driven by the 
potential gradient due to the Al distribution seen in Figures 2 and 3.  The full width at half 
maximum (FWHM) of the μPL spectra was 62 meV at 10 K, and 120 meV at 300 K, 
significantly greater compared to the expected thermal broadening.  These large peak widths 
are probably due to the compositional inhomogeneities within the NWs.   
To further confirm that the μPL spectra were obtained from single NWs, the 
polarization dependence of the peak PL intensity at 10 K was measured.  Figure 5a and b are 
polarization measurements performed by rotation of a linear polarizer placed before the 
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spectrometer along the emission path of the NW.  Fig. 5a shows the minimum (Imin) and 
maximum (Imax) PL emission determined by rotation of the polarizer where a change by a 
factor of 10 in peak intensity was observed.  The degree of emission polarization, defined as 
P = (Imax - Imin) / (Imax + Imin) at the PL peak position, was 72% for our NWs.  This strong 
emission polarization anisotropy is caused primarily by the dielectric mismatch between the 
NW and its surroundings, which causes strong suppression of the component of the electric 
field inside and perpendicular to the NW.  Ruda and Shik19 calculated that the emission from 
GaAs NWs should have a degree of polarization of approximately 92%.  Although the 
polarization anisotropy of 72% for our AlGaAs NWs is lower than that for GaAs NWs, it is 
similar to that observed for other AlGaAs-GaAs core-shell heterostructures20.  The measured 
anisotropy may depend upon the morphology and compositional gradients in the NWs.  
To further confirm the observation of visible light emission from our NWs, a Leica 
confocal microscope was used to image the light emission from NWs suspended in 
phosphate buffered saline solution with 30% glycerol by volume.  A prism spectrometer 
selecting a wavelength range of 670 to 730 nm, placed in front of the photomultiplier tube 
detector, allowed only the room temperature peak PL emission seen in Figure 4 to be 
detected.  Figure 6 reveals the microscopy image (gray scale) of the NWs where the PL 
emission shown in red is superimposed.  The image reveals a single NW on the far left that is 
about 1 μm in length and exhibiting a bright contrast on one end (lower side of the particle 
on the left), probably indicating the Au tip. The PL emission (shown in red) is superimposed 
on the microscopy image, revealing that the PL appears to emanate from the end of the wire 
near the Au particle.  A series of such images were captured every 0.537 seconds, and the 
NW movement was tracked using ImageJ analysis software.21  Figure 7 shows the mean 
square displacement (MSD), <r2>, versus time t for two NWs in the solution. Considering 
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the diffusion equation <r2> = 4Dt, a linear fit to the data (solid line in Figure 7) gives a 
diffusion coefficient of D = 0.4 µm2/s.  To verify that the PL emission in Figure 6 is from a 
single NW, the diffusion coefficient may be calculated from the hydrodynamic stick theory 
for rods22, 23: 
 )/ln(
3
dL
L
TkD Bπη=       (1) 
where L is the NW length, d is the diameter, kB is Boltzmann constant,  T is the temperature 
(300K), and η is the viscosity of the solution. For a typical NW in our experiment, L = 800 
nm and d = 100 nm on average, and η = 2.26 cP for phosphate buffered saline solution with 
30% glycerol by volume.24 This yields D = 0.5 µm2/s, in good agreement with the 
experimental result. These results confirm the visible light emission from a single NW can be 
detected, and suggest possible applications in biological imaging.   
In conclusion, Be-doped AlxGa1-xAs (x = 0.37) NWs were grown on GaAs (111)B 
substrates using a gas source molecular beam epitaxy system.  Strong photoluminescence 
polarization measured at 10 K was observed, indicative of emission from single NWs. 
Visible light emission from the NWs at room temperature was confirmed by confocal 
microscopy. EDS and μPL measurements indicated an Al composition gradient and a core-
shell structure, which drove exciton diffusion to the top of NWs where recombination 
occurred.  The core-shell structure was self-directed during growth, evolving as a 
consequence of the different Al and Ga adatom diffusion lengths.  
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Figure Captions 
Figure 1. (a) Tilted view (30˚) SEM image of as-grown AlGaAs NWs. (b) Plan view SEM 
image of NWs sonicated onto a Si substrate.  Scale bars are 1 μm. 
 
Figure 2. TEM image and EDS point measurements along the centre axis of an AlGaAs NW.  
The Au nanoparticle is visible at the top of the NW on the right-hand side.   
 
Figure 3. Dark field TEM image and EDS linescan across an AlGaAs NW (perpendicular to 
the growth direction).  Scale bar is 20 nm. 
 
Figure 4.   μPL spectra at 10 K and at room temperature (300 K) for an AlGaAs NW. The 10 
K spectra above 1.80 eV and the room temperature spectra are multiplied by 5 and 10, 
respectively, for clarity.  
 
Figure 5.  Polarization dependence of μPL emission at 10 K.  0 and 90˚ indicate the relative 
angle of the linear polarizer.  
 
Figure 6. PL image (red) superimposed on the differential interference contrast image 
(grayscale).  Scale bar is 3 μm. 
 
Figure 7. Mean square displacement (MSD) versus time for AlGaAs NWs dispersed in 
phosphate buffered saline solution with 30% glycerol by volume.  Data points indicate 
measurements for two different NWs.  The solid line is a linear fit to the data. 
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Figure 3 
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Figure 5 
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Figure 6 
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Figure 7 
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